Introduction
============

Agaves are succulent plants growing primarily in both arid and semiarid lands of North America, with the center of distribution in Mexico ([@B13]). The 'blue agave' (*Agave tequilana* Weber var. 'Azul') is the only variety legally permitted by the Mexican government for production of tequila. Recently in the Mexican state of Jalisco, blue agave has also been employed commercially for manufacture of inulin and agave syrup ([@B20]). Because of its economic importance, the blue agave plant has been vegetatively propagated for the last 200 years. In this process, shoots (termed 'hijuelos') from rhizomes of parental blue agave plants are used to clonally produce new plants. Hijuelos are cultivated to reach physiological maturity after six to eight years. At maturity, inulin content of the stem and aggregate of leaf bases, termed 'piña', is highest ([@B23]). During the years prior to harvesting, agave plants are vulnerable to pathogens and adverse environmental conditions. In 2010, the fungus *Fusarium oxysporum,* causal agent of vascular wilt of blue agave, destroyed 35% of the blue agave harvest in Mexico, generating substantial economic losses for farmers and increasing application of fungicides to control the disease ([@B14]; [@B02]; [@B32]). Biological control of plant pathogens using antagonistic bacteria is a promising strategy and has attracted considerable attention as an option to reduce the use of agrochemicals. Biocontrol using endophytic bacteria may represent an attractive alternative to enhance growth and reduce disease in blue agave cultivation. This study was inspired by our early findings that healthy piñas are inhabited by up to three million cfu/gram of cultivable bacteria. Recently, evidence has increased that many plants live in association with non-pathogenic bacteria ([@B16]; [@B05]; [@B06]; [@B08]). In addition, some endophytic bacteria have been shown to function in host defensive or nutritional enhancement roles ([@B01]; [@B04]; [@B17]). In blue agave, previous research has examined pathogens ([@B16]; [@B03]; [@B21]; [@B32]), but endophytic bacterial symbionts have not been evaluated. The objectives of this study were identify the cultivable endophytic bacterial community in blue agave plants, and characterize their beneficial capacities for growth promotion and antagonistic activity toward a pathogenic strain of *Fusarium oxysporum.*

Materials and Methods
=====================

*Agave* plants collection
-------------------------

Agave piñas were obtained from 6.5-years-old blue agave plants (cultivated from 2004 to 2011 June) at the 'Las Majadas' experimental plantation (21°30′45″ N, 104°37′16″ W), Nayarit State, México, where four hundred plants were grown in 10 furrows (40 plants/furrow).

Sampling of agave "piñas" and microbial determinations
------------------------------------------------------

Ten plants were selected randomly from each furrow (F1--F10), and the leaves were removed to obtain 100 piñas. Within 8 h, the harvested piñas were disinfected with a bleach solution (sodium hypochlorite 200 ppm for 15 m), and washed three times with sterile distilled water. Approximately 100 g of tissue were collected from leaf bases of each piña. Samples were blended using an industrial blender (Inmeza, Jal., México) and subsequently the liquid component was extracted by means of a manual orange juice extractor purchased in a local market.

One mL of juice was successively diluted to 10^−3^, 10^−4^, and 10^−5^ in 0.85% saline solution; 1 mL of each dilution was plated by triplicate on trypticase soy agar (TSA) (BD Bioxon, standard agar (STD) (BD Bioxon, México, México) and MRS agar (Difco, México, México) supplemented with 25% sucrose (MRSS). The plates were incubated at 30 °C for 3 days, counting and collecting colonies every 24 h. Each colony was re-inoculated on a plate to purify it further. The isolated strains were characterized by colony morphology and Gram stain.

Genomic DNA extraction, Amplified Ribosomal DNA Restriction Analysis (ARDRA) and identification of isolated strains
-------------------------------------------------------------------------------------------------------------------

Bacterial DNA was extracted by recovering plate biomass using the microbial genomic DNA isolation kit (MoBio. Carlsbad, CA. USA). One μL of each extracted microbial DNA was used as template for 16S rDNA amplification using the primers set fd1 (5′AGAGTTTGATCCT GGCTCAG-3′) and rd1 (5′AAGGAGGTGATCCAGCC-3′) ([@B33]), which yielded a 1.5 kb product. Amplified 16S rDNA fragments were ARDRA characterized using the restriction enzyme HaeIII (Fermentas, BioAdvanced Systems, México, México). The restriction patterns observed were compared and grouped into 11 different restriction site profiles described previously ([@B11]). A strain of *L. mesenteroides* CDBB-68 (Instituto Politécnico Nacional, México) was used as control. Each strain represented by a unique restriction pattern was sequenced by the Taq FS Dye Terminator Cycle Fluorescence-Based Sequencing method, using a Perkin Elmer/Applied Biosystems model 377-18 sequencer. Resulting DNA sequences were submitted to the non-redundant nucleotide database at GenBank using the BLAST program to determine isolate identity. Multiple alignment of 16S rDNA isolate sequences and reference 16S rDNA sequences retrieved from the GenBank database were performed using the ClustalW application in the MEGA version 5 program. The sequences of cultured strains were submitted to the GenBank database with the consecutive accession numbers: KC461186 through KC461198.

Acetylene Reduction Assays (ARA)
--------------------------------

Nitrogen fixation of bacterial isolates was determined following a standard assay described previously by [@B31]. Three replicates of vials inoculated with pure cultures, and control treatment using sterile culture media were injected with 0.2 mL of pure acetylene into the head space (10% of vial volume), and incubated at 30 °C for 24 h. Samples were taken at 24 h and 48 h following inoculation. Acetylene reduction was detected by gas chromatographic analysis of samples using a Gas Chromatograph Autosystem (Perkin-Elmer Inc) fitted with a Porapack N column (Alltech Associates, Il, USA), and a hydrogen flame ionization detector (FID).

Assay of Indole Acetic Acid (IAA) production
--------------------------------------------

IAA production was determined according to a modified method of [@B28], with 5 mM L-triptophan supplementation. The isolates were incubated at 30 °C for 24 h in dishes with 50% TSA. A suspension of each strain was prepared to OD~600~ = 0.1, from which 100 mL were added to a vial containing 5 mL of half-strength tripticase soy broth medium supplemented with 50 mM tryptophan, and subsequently incubated for 96 h at 30 °C. The bacterial cells were then removed from the culture medium by centrifuging at 6,000 rpm for 15 min at room temperature. The supernatant was mixed vigorously with 4 mL of Salkowski's reagent, and left undisturbed at room temperature for 1 h before absorbance at 540 nm was measured. IAA concentration in each culture medium was determined by comparing with a standard curve of 1, 10, and 100 ppm of IAA (Sigma-Aldrich, México).

Determination of Phosphate-Solubilization Index (PSI)
-----------------------------------------------------

Phosphate-solubilization was assayed as described by [@B22] using National Botanical Research Institute's phosphate (NBRIP) medium supplemented with 1.5% Bacto-agar (Difco Laboratories USA). Sterilized NBRIP media was poured into sterilized Petri plates, after solidification of the media a pin point inoculation was made and plates were incubated at 30 °C for 7 days. Then the ability of the isolates to solubilize the insoluble phosphate was assessed by determination of PSI: the ratio of the total diameter (colony + halozone) and the colony diameter ([@B24]).

Pathogen antagonism assays
--------------------------

*Fusarium oxysporum* strain AC132, previously reported as a pathogenic strain ([@B32]), was used for antagonism assays. Endophytic bacteria were incubated on TSA for 24h at 30 °C. *F. oxysporum* AC 132 was grown on potato dextrose agar (PDA, Difco, México) on a Petri dish at 30 °C in the dark. For assays mycelial discs (8 mm in diam) were cut from margins of 7-day-old colonies.

A mycelial disc on PDA medium without bacteria was maintained as a control. A loop of the selected bacterial strain was streaked on a PDA plate (8 cm Lid Petri dish) 3 cm from the plate center. A fungal plug (0.7 cm diameter) was subsequently cut from the periphery of an actively growing culture, and placed at the plate center. The plates were incubated at 25 ± 2 °C in the dark. The fungal growth radius forward to the bacterial line (A), lateral growth radius (B), backward growth radius (C), and growth radius of the control plate (D) were measured after five, eight and twelve days of incubation. Each treatment was conducted in five replicates. The inhibition percentages at forward (If), lateral (Il), and backward (Ib) were calculated as follows:
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Where 0.35 is the radius of fungal plug.

Statistical analysis
--------------------

All statistical analyses were performed with Statgraphics Centurion XVI.1 (Statpoint Technologies, INC., Virginia USA). The data were analyzed by one-way analysis of variance (ANOVA). Mean separations were performed by Fisher Least Significance Difference (LSD) test with a confidence level of 95%.

Results and Discussion
======================

Bacterial Isolation and identification
--------------------------------------

We found cultivable endophytic bacteria in 100 healthy plants ranging from 4 × 10^4^ to 3 × 10^6^ cfu/g-tissue in TSA culture medium; and ranging from 2 × 10^4^ to 1.3 × 10^6^ cfu/g-tissue in MRSS culture medium. We obtained a total of 350 bacterial isolates, and 65 representative strains were selected from colonies grown on TSA and MRSS media based on differences in colony morphology and Gram stain. The ARDRA (Amplified Ribosomal DNA Restriction Analysis) characterization of 16S rDNA was performed using in all strains selected. Eleven different restriction patterns were obtained following enzymatic digestion of the 16S rDNA gene. Strains showing the same restriction pattern were counted, and frequencies (%) were calculated ([Table 1](#t01){ref-type="table"}).

###### 

Molecular identification of endophytic strains.

  Strain   Class[a](#TFN01){ref-type="table-fn"}   Bacterial species                                    Genbank accession num.   Frequency[c](#TFN03){ref-type="table-fn"} (%)
  -------- --------------------------------------- ---------------------------------------------------- ------------------------ -----------------------------------------------
  JM12     γ-proteobacteria                        *Acinectobacter baumanii*                            KC461187                 40
  JM8      γ-proteobacteria                        *Acinectobacter bereziniae*                          KC461186                 11.7
  JM58     γ-proteobacteria                        *Acinectobacter* sp                                  KC461191                 3.3
  JM5p     γ-proteobacteria                        *Cronobacter sakazakii*                              KC461197                 15
  JM52     γ-proteobacteria                        *Enterobacter hormaechei*                            KC461190                 11.7
  JM26     γ-proteobacteria                        *Klebsiella oxytoca*                                 KC461192                 5
  JM9p     γ-proteobacteria                        *Pseudomonas* sp.                                    KC461198                 3.3
  JM2      α-proteobacteria                        *Gluconobacter oxydans*                              KC461196                 [b](#TFN02){ref-type="table-fn"}
  JM25     Bacilli                                 *Bacillus* sp.                                       KC461194                 8.3
  JM47     Bacilli                                 *Enterococcus casseliflavus*                         KC461188                 1.7
  JM3      Bacilli                                 *Leuconostoc mesenteroides* subsp. *Mesenteroides*   KC461195                 [b](#TFN02){ref-type="table-fn"}

Bergey's manual 2004: [www.bergeys.org](http://www.bergeys.org).

Strains isolated in MRSS médium.

Based on the ARDRA patterns of 60 isolates.

Through 16S rDNA sequence analysis, eleven endophytic bacteria were confirmed to be *Acinetobacter baumanii*, A. bereziniae, *Acinetobacter sp*., *Cronobacter sakazakii*, *Bacillus* sp., *Enterobacter hormaechei*, *Klebsiella oxytoca*, *Pseudomonas sp.*, *Enterococcus casseliflavus Leuconostoc mesenteroides* subsp. *mesenteroides*, and *Gluconobacter oxydans* ([Table 1](#t01){ref-type="table"}). The MRS medium suplemented with sucrose (25%) was selective for *Leuconostoc mesenteroides* subsp. *mesenteroides* and *Gluconobacter oxydans*. Only *L. mesenteroides* strains developed a mucoid colony. Although *L. mesenteroides* was previously found in a traditional Mexican beverage named "Pulque", produced from several species of *Agave* ([@B27]; [@B10]), this is the first report of its occurrence as an endophyte of blue agave. Another study from our group show that *L. mesenteroides* is a widely distributed endophyte in whole tissues at all grown stages of *A. tequilana* plants (unpublished results). The genus *Acinetobacter* exhibited the highest frequency (52%), and together with *Cronobacter, Bacillus, Enterobacter,* and *Klebsiella*, these genera represented 95% of all isolates.

Plant growth promotion properties were assessed including nitrogen fixation, indoleacetic acid (IAA) production and phosphate solubilization ([Table 2](#t02){ref-type="table"}). Only *G. oxydans* JM2 strain was not tested due to the difficulty in maintaining the strain active under laboratory conditions. All isolates were capable of nitrogen fixation as shown in [Table 2](#t02){ref-type="table"}. The highest relative ratio was displayed by *Acinetobacter sp.* JM58, followed by *C. sakazakii* and *L. mesenteroides*. These results clearly demonstrate the presence of diazotrophic endophytic bacteria within leaf bases of *A. tequilana*. It has been reported that diazotrophic endophytes promote growth of host plants. ([@B26]; [@B07]; [@B19]; [@B04]). Screening for IAA production revealed positive results for all isolates ([Table 2](#t02){ref-type="table"}). Among all these isolates the highest production of IAA was shown in *Enterococcus casseliflavus* JM47 (16.7 ppm) and *K*. *oxytoca* JM26 (14.4 ppm). Interestingly, no previous reports of *E. casseliflavus* as an IAA-producing bacterium has been published. Publications recording *K. oxytoca* as a producer of IAA ([@B15]; [@B18]), as well as the other isolates tested ([@B25]; [@B19]) are found. For phosphate solubilization index (PSI), eight isolates showed the appearance of well-developed clearing zones after 7 days of incubation. *Acinectobacter* sp. and *A. baumannii* showed maximum solubilization index: 9.72.6 and 8.9 ± 0.2 respectively. The PSI was measured every 24h during seven days and we observed a rapid colony growth and formation of clear halos for *Pseudomonas* sp. during the experiment, Nevertheless, its PSI was the lowest (2.5) of all PS bacteria ([Table 2](#t02){ref-type="table"}). This low level of PS may be due to the high motility and rapid growth of *Pseudomonas* sp., thus resulting in formation of a thin colony. *E*. *casseliflavus* JM47 *and C. sakazakii* JM5p also solubilized phosphate efficiently. Many plant endophytes possess phosphate solubilizing capacity. This capability is probably not important for plant growth, but rather may be useful during growth in soils ([@B05]). The capacity for phosphate solubilization suggests that the possessing microbe originated in soils or in rhizospheres of plants.

###### 

Plant-growth promoting activity of endophytic strains.

                                                              Plant-growth promoting activity[a](#TFN04){ref-type="table-fn"} (SD)                 
  ------ ---------------------------------------------------- ---------------------------------------------------------------------- ------------- ------------
  JM12   *Acinectobacter baumanii*                            0.16 (0.04)                                                            4.1 (0.07)    8.9 (0.2)
  JM8    *Acinectobacter bereziniae*                          0.30 (0.11)                                                            3.0 (0.06)    4.7 (0.4)
  JM58   *Acinectobacter* sp                                  1.31 (0.36)                                                            5.7 (0.62)    9.7 (2.6)
  JM5p   *Cronobacter sakazakii*                              1.07 (0.61)                                                            3.1 (0.15)    4.3 (0.2)
  JM52   *Enterobacter hormaechei*                            0.08 (0.00)                                                            7.2 (1.01)    3.8 (0.8)
  JM26   *Klebsiella oxytoca*                                 0.13 (0.08)                                                            14.4 (0.56)   3.4 (0.5)
  JM9p   *Pseudomonas* sp.                                    0.16 (0.04)                                                            2.8 (0.44)    2.5 (0.04)
  JM25   *Bacillus* sp.                                       0.14 (0.04)                                                            1.2 (0.17)    0
  JM47   *Enterococcus casseliflavus*                         0.50 (0.06)                                                            16.7 (1.04)   6.3 (0.2)
  JM3    *Leuconostoc mesenteroides* subsp. *Mesenteroides*   0.53 (0.16)                                                            1.7 (0.01)    0

Tested by triplicate. Standard deviation is shown in parenthesis.

Calculated as the ratio ethylene/acetylene\* 100 in peak area.

Indol Acetic Acid in parts per million.

PSI: (Colony + halo diameter)/Colony diameter.

The fungus *F. oxysporum* causes diseases in a wide variety of plants including *Agave* ([@B14]; [@B02]; [@B12]; [@B29]). We tested bacterial isolates against a pathogenic strain *F*. *oxysporum* AC132 isolated previously from *A. tequilana* ([@B32]). *Pseudomonas sp*. JM9p, *Bacillus sp*. JM25, *K. oxytoca* and *A. bereziniae* exhibited antagonism against *F. oxysporum* as shown in [Figure 1](#f01){ref-type="fig"}. *Bacillus* sp. significantly inhibited forward (36%), lateral (34%) and backward (20%) mycelia growth in comparison to controls. *Pseudomonas sp*. JM9p showed the strongest inhibition against mycelial forward growth (44%); *K*. *oxytoca* JM26 and *Bacillus sp*. JM25 significantly inhibited backward mycelial growth at 25% and 20% respectively.

![Quantification of *F. oxysporum* AC132 forward, lateral and backward mycelial growth ratio in the presence of five different strains of endophytic bacterial isolates: JM9p (*Pseudomonas sp*), JM 25 (*Bacillus sp*.), JM26 (*K. oxytoca*), JM8 (*A. bereziniae*) and JM5p (*C. sakazakii)*. Vertical bars represent the SD of the mean of five replications.](bjm-45-1333-g001){#f01}

The results obtained suggest that mycelial inhibition is due to secretion of inhibitory molecules in all strains tested, and in addition, inhibition of lateral and backward growth against K. oxytoca JM26 and Bacillus *sp*. JM25 might be due to volatile compounds secreted by the bacterial strains, since the bacterial plug was settled in the opposite side of the plate where no direct contact between the bacterium and *F. oxysporum* AC132 was possible. This idea is consistent with previous studies in which volatile compounds secreted by endophytes are involved in growth inhibition of fungal pathogens ([@B09]; [@B30]), but further studies must be conducted to corroborate this idea.

The endophytic bacteria examined in our study had plant growth promoting traits and suppressed plant pathogens. This suggests their potential for use as bioinoculants for *A. tequilana* growth. It is a reasonable hypothesis that bacteria are maintained as endophytes in *Agave* leaf bases because they are beneficial to plants in multiple ways, perhaps enhancing the capacity of plants to grow and survive. In this respect endophytic bacteria in agave may protect hosts from biotic and abiotic stresses and provide nutrients that are difficult to obtain otherwise.

Recently, aseptically micropropagated blue agave seedlings have been widely exploited for agave cultivation. This reduces contamination with phytopathogens that are currently of increased prevalence in agave plantations. However, aseptic micropropagation also removes beneficial endophytes, which might be inherited through rhizomes in traditional cultivation using "hijuelos". It is also possible that micropropagation techniques may reduce levels of endophytic populations with the consequent outcome that plants are less resistant to biotic and abiotic stress and more dependent on applications of agrichemical. Further studies are needed to evaluate whether loss of endophytes is occurring during blue agave micropropagation and to evaluate ways to restore endophytes into micropropagated plant materials if they have been lost.

Conclusion
==========

The present study is the first report of endophytic bacteria populations isolated from healthy plant tissues of *A. tequilana* grown in Jalisco, México. The eleven bacteria isolated were shown to have plant growth promotion capabilities. Also, two isolates may be considered to have promise as biocontrol agents. Diseases caused by fungi and bacteria diminish the commercial production of *A. tequilana* and large quantities of both chemical fertilizers and pesticides are currently in use to cultivate blue agave. Some of these isolates reported here have potential use as biofertilizers or bioenhancers in agave cultivation. Application of microbial endophytes in cultivation of blue agave could reduce or eliminate applications of agrichemical currently used to produce this crop.
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